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THERMODYNAMIC SYSTEMAND PROCESS 
FOR PRODUCING HEAT, REFRIGERATION, 

OR WORK 

BACKGROUND OF THE INVENTION 

The present invention relates generally to thermodynamic 
machines and processes for producing heating, refrigeration, 
or work from thermal energy. More particularly, the inven 
tion relates to a piston machine operable as a heat pump, a 
refrigerator, or a heat engine. 

The transformation of heat into work is typically accom 
plished by two general types of engine: the external heat 
Source engine, Such as the Steam engine, and the internal 
heat Source engine, Such as the gasoline engine and the 
diesel engine. In both types of engines, a working medium, 
Such as a vapor or a gas or a mixture of gases contained in 
a cylinder, undergoes a cycle, thereby causing a piston to 
impart to a Shaft a motion of rotation against an opposing 
force. It is necessary in both types of engines that, at Some 
time in the cycle, the vapor or gas in the cylinder be raised 
to a high temperature and pressure. In the external heat 
Source engine this is accomplished by an outside heat 
Source, Such as a boiler. External heat Source engines are of 
two general types, condensing cycle engines, Such as the 
Steam engine, and non-condensing cycle engines. 
One of the earliest developed non-condensing, external 

heat Source engines is the Stirling engine, a hot-air engine 
that converts Some of the energy liberated by burning fuel 
into work. An ideal Stirling engine runs on the Stirling cycle, 
which is characterized by constant temperature (isothermal) 
expansion and compression and constant volume (isochoric) 
heating and cooling. A typical Stirling engine includes two 
pistons, an expansion piston and a compression piston, 
connected to the same Shaft. AS the Shaft rotates, the pistons 
move in different phase, with the aid of Suitable connecting 
linkages. The Space between the two pistons is filled with a 
working medium, typically air, helium, or hydrogen. The 
expansion piston is kept in contact with a hot reservoir (i.e., 
burning fuel), while the compression piston is in contact 
with a cold reservoir. A regenerator is positioned between 
the two pistons. The regenerator is constructed to have a 
thermal conductivity low enough to Support the temperature 
difference between the hot and cold reservoirs without 
appreciable heat conduction. 

Recently, there has been renewed interest in developing 
Stirling cycle engines. This is due to the high theoretical 
thermal efficiency that can be attained with a Stirling cycle 
engine. With perfect (100%) regeneration, the ideal Stirling 
cycle engine has Carnot cycle efficiency (1-T/T). Stirling 
cycle engines have been constructed using ceramic materials 
on the hot side of the engine to allow the engine to achieve 
over 40% thermal efficiency. Furthermore, the external 
combustion proceSS allows the use of a wide variety of 
combustible or renewable (i.e., Solar) fuels. Also, Stirling 
cycle engines are generally quieter and produce lower 
emissions than conventional internal combustion engines. 
A further advantage of the Stirling cycle engine is that the 

engine is a reversible device. This allows the Stirling engine 
to be operated in a refrigeration or heat pump cycle in which 
network is done on the engine and heat is accepted at a low 
temperature and rejected at a high temperature. When the 
engine is used as a refrigeration or cooling device, the useful 
heat is the heat accepted at the low temperature. Conversely, 
when the engine is used as a heating device the useful heat 
is the heat that is rejected at the higher temperature. 

In a conventional refrigerator or heat pump, a compressor 
delivers gas, known as the refrigerant, at a high temperature 
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2 
and preSSure to condensing coils. Heat is removed from the 
gas by cooling, resulting in condensation of the gas to a 
liquid Still under high preSSure. The liquid passes through a 
throttling or expansion valve, emerging as a mixture of 
liquid and vapor at a much lower temperature. Heat is 
Supplied to the gas in an evaporation coil that converts the 
remaining liquid into vapor which enters the compressor to 
repeat the cycle. One of the problems associated with 
conventional refrigerators is the need for a refrigerant that 
releases a large amount of latent heat in relation to its 
Volume when undergoing a change of State. Such refriger 
ants can be expensive to manufacture and can be harmful to 
the environment. 
As a heating/cooling device, the Stirling engine offers 

advantages over devices that operate according to a con 
densing cycle, Such as the conventional refrigerator. By 
avoiding changes of State and inevitable thermodynamic 
losses due to the throttling process in conventional refrig 
eration or heat pump cycles, and by incorporating a regen 
erator that recycles heat energy that would otherwise be lost, 
a Stirling cycle offerS Significant theoretical advantages over 
those Systems in energy consumption, and Superior coeffi 
cients of performance in operation. Additionally, the Stirling 
cycle does not necessitate the use of conventional refriger 
antS. 

One of the limitations associated with Stirling cycle 
engines is that the engine is practically limited to equivalent 
compression and expansion ratioS of 2.5 or leSS and thus 
requires high pressurization of the working medium to attain 
Sufficient mass flow for practical work output, greatly com 
plicating engine mechanical design. The Stirling engine also 
relies heavily upon the ability of the regenerator to Store heat 
during the constant volume phases of the Stirling cycle in 
order to reach maximum thermal efficiency. Such high 
efficiency regenerators can be difficult and expensive to 
manufacture and introduce additional flow losses which 
reduce the practically achievable efficiency to a fraction of 
theoretical values. 

Accordingly, there is a need for an external heat Source, 
non-condensing thermodynamic System having a thermal 
efficiency approaching the theoretical thermal efficiency of 
the Stirling engine while concomitantly avoiding the high 
pressurization required by low compression/expansion 
ratios and the frictional flow losses through the Stirling 
regenerator. 
An object of the present invention is to provide an 

improved thermodynamic System that is capable of operat 
ing as a heat engine, a refrigerator, or a heat pump with high 
thermal efficiency. 

Another object of the present invention is to provide a 
thermodynamic System that can operate as a thermally 
efficient heating or cooling device without the need for 
expensive or environmentally harmful refrigerants. 

Still another object of the present invention is to provide 
a thermodynamic System that can operate as a thermally 
efficient heating or cooling device by incorporating a cyclic 
recuperator with minimal flow losses and high heat recy 
cling efficiency. 

Other general and more specific objects of this invention 
will in part be obvious and will in part be evident from the 
drawings and the description which follow. 

SUMMARY OF THE INVENTION 

These and other objects are attained by the thermody 
namic System of the present invention which includes a 
compression Stage for Substantially adiabatically compress 
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ing a working medium to raise the temperature of the 
medium and an expansion Stage for Substantially adiabati 
cally expanding the medium to decrease the temperature of 
the medium. A first external heat eXchanger is coupled to the 
expansion Stage and the compression Stage to allow the 
expanded medium to pass therebetween and is Structured to 
transfer heat Substantially isochoricly (i.e. at constant 
Volume) between a low temperature external heat reservoir 
and the expanded medium. 
A Second external heat eXchanger is coupled to the 

compression Stage and the expansion Stage to allow the 
compressed medium to pass therebetween. The Second heat 
eXchanger is structured to transfer heat Substantially isoch 
oricly between the compressed medium and a high tempera 
ture external heat reservoir. 

The thermodynamic system of the present invention offers 
the advantage of being operable as refrigerator for transfer 
ring heat from a cold reservoir to a hot reservoir to cool the 
cold reservoir, as a heat pump for transferring heat from a 
cold reservoir to a hot reservoir to heat the hot reservoir, or 
as a heat engine for converting heat from a hot reservoir to 
mechanical energy, while concomitantly maintaining high 
thermal efficiency for each mode of operation. 

The thermodynamic System preferably can also include a 
recuperative heat eXchange loop for transferring heat 
between the expanded medium within the first heat 
eXchanger and the compressed medium within the Second 
heat eXchanger. The recuperative heat eXchange loop allows 
for the recycling of heat between the compressed medium 
within the Second heat eXchanger and the expanded medium 
within the first heat eXchanger. A first recuperative heat 
eXchange conduit of the recuperative heat eXchange loop 
connects the first heat eXchanger and the Second heat 
exchanger and is structured to recycle heat Substantially 
isochoricly between the expanded medium and the com 
pressed medium. A Second conduit of the recuperative heat 
eXchange loop additionally connects the first heat eXchanger 
and the Second heat eXchanger and is Structured to complete 
the recuperative loop by transferring heat Substantially iso 
choricly between the compressed medium and the expanded 
medium. By incorporating a heat recuperator as an integral 
component, the thermodynamic System of the present inven 
tion provides a thermal efficiency approaching the thermal 
efficiency of the Stirling engine without requiring high 
operating pressures or the fluid flow losses through a regen 
erator that can greatly reduce the attainable efficiencies of 
Stirling machines. 

Furthermore, the working medium of the thermodynamic 
System of the present invention does not change States 
during the working cycle of the System. This eliminates the 
inherent loSS in thermodynamic efficiency from a throttling 
Valve required in conventional refrigerator/heat pump SyS 
tems. Additionally, the thermodynamic System of the present 
invention can operate with air, hydrogen, or helium as the 
working medium rather than the expensive or environmen 
tally harmful refrigerants used in conventional refrigeration/ 
heat pump Systems. 
When operating as a refrigerator, the thermodynamic 

System of the present invention, including the first external 
heat eXchanger, can be structured to transfer heat Substan 
tially isochoricly from the low temperature reservoir to the 
expanded medium to cool the low temperature reservoir, 
heating the expanded medium. In addition, the System, 
including the Second external heat eXchanger, can also be 
structured to transfer heat Substantially isochoricly from the 
compressed medium to an external higher temperature res 
ervoir to heat that reservoir and cool the compressed 
medium. 
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4 
When operating as a heat pump, the thermodynamic 

System of the present invention, including the first external 
heat eXchanger, can be structured to transfer heat Substan 
tially isochoricly from an external low temperature reservoir 
to the expanded medium to heat the expanded medium. In 
addition, the System, including the Second heat eXchanger 
means, can be structured to transfer heat Substantially iso 
choricly from the compressed medium to an external hot 
reservoir to heat the hot reservoir. 

When operating as a prime mover heat engine, the ther 
modynamic System of the present invention, including the 
first heat eXchanger, can be structured to transfer heat 
Substantially isochoricly from the expanded medium to a 
cold reservoir to cool the expanded medium. In addition, the 
System, including the Second heat eXchanger, can be struc 
tured to transfer heat Substantially isochoricly from a high 
temperature reservoir to the compressed medium to heat the 
compressed medium. The Subsequent expansion of the 
heated, compressed medium produces positive mechanical 
work. 
The compression Stage of the thermodynamic System of 

the present invention can optionally include a first cylinder 
having a first volume, a Second cylinder having a Second 
Volume less than the first volume, and a piston or the like for 
displacing the medium from the first cylinder to the Second 
cylinder to compress the medium Substantially adiabatically. 
The expansion Stage of the thermodynamic System of the 

present invention can optionally include a first cylinder 
having a first volume, a Second cylinder having a Second 
Volume greater than the first Volume, and a piston or the like 
for displacing the medium from the first cylinder to the 
Second cylinder to expand the medium Substantially adia 
batically. 

The thermodynamic System can also optionally include an 
auxiliary pressurizing device, Such as a pump, compressor, 
or the like, connected to the Second heat eXchanger to 
preSSurize the Second heat eXchanger to a preferred operat 
ing working medium density prior to passage of the com 
pressed medium through the Second heat eXchanger. 
Preferably, the preferred operating working medium density 
is Substantially equal to the density of the compressed 
medium entering the Second heat eXchanger from the com 
pression Stage. 

Likewise, the thermodynamic System can also optionally 
include an auxiliary pressurizing device, Such as a pump, 
compressor, or the like, connected to the first heat 
eXchanger, to preSSurize the first heat eXchanger to a pre 
ferred operating pressure prior to passage of the expanded 
medium through the first heat exchanger. Preferably, the 
preferred operating working medium density is Substantially 
equal to the density of the compressed medium entering the 
first heat eXchange means from the expansion Stage. 

In accordance with an alternative embodiment of the 
present invention, the thermodynamic System includes a first 
chamber defining a first volume and a Second chamber 
defining a Second Volume less than the first volume. A first 
piston is operatively positioned with the first chamber to 
displace the medium from the first volume to the second 
Volume and compress the medium Substantially adiabati 
cally. A Second piston is operatively positioned within the 
Second chamber to displace the medium from the Second 
Volume to the first volume and expand the medium Substan 
tially adiabatically. The thermodynamic System also 
includes a first heat eXchanger coupled to the Second cham 
ber for Substantially isochoricly transferring heat between a 
hot reservoir and the medium after compression by the first 
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piston and a Second heat eXchanger coupled to the first 
chamber for Substantially isochoricly transferring heat 
between a cold reservoir and the medium after expansion by 
the Second piston. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present 
invention will be more fully understood by reference to the 
following detailed description in conjunction with the 
attached drawings in which like reference numerals a refer 
to like elements through the different views. The drawings 
illustrate principals of the invention and, although not to 
Scale, show relative dimensions. 

FIG. 1 is a Side elevational, partially Schematic view in 
croSS Section of a first embodiment of the thermodynamic 
System, illustrating Simultaneous adiabatic compression and 
expansion according to the teachings of the present inven 
tion. 

FIG. 2 is a Side elevational, partially Schematic view in 
cross section of the thermodynamic system of FIG. 1, 
illustrating constant Volume heat transfer according to the 
teachings of the present invention. 

FIG. 3 is a preSSure-volume diagram illustrating the 
operation of the thermodynamic System of the present 
invention as a heat engine. 

FIG. 4 is a preSSure-volume diagram illustrating the 
operation of the thermodynamic System of the present 
invention as a heat pump or refrigeration System. 

FIG. 5 is a side elevational, partially schematic view in 
croSS Section of a Second embodiment of the thermodynamic 
System illustrating Simultaneous adiabatic compression and 
expression according to the teachings of the present inven 
tion. 

FIG. 6 is a side elevational, partially schematic view in 
cross section of the thermodynamic system of FIG. 2, 
illustrating constant Volume heat transfer according to the 
teachings of the present invention. 

DESCRIPTION OF THE ILLUSTRATED 
EMBODIMENTS 

A thermodynamic system 10 in accordance with a first 
embodiment of the invention and which is operable as either 
a heat pump System, a refrigeration System, or a heat engine 
is illustrated in FIGS. 1 and 2. The thermodynamic system 
includes a housing 12 which is divided into a larger Volume 
first cylinder 14 and a smaller volume second cylinder 16. 
The first cylinder 14 houses a first piston 18 which is 
operable to reciprocate within the first cylinder 14 and, thus, 
divides the cylinder 14 into two chambers A and B of 
variable Volume. Likewise, the Second cylinder 16 houses a 
second piston 20 which is operable to reciprocate within the 
second cylinder 16 and, thus, divides the cylinder 16 into 
two chambers C and D of variable volume. 

AS used herein, the terms “heat pump' and “heat pump 
System” refers to devices or Systems which operate to 
transfer heat from a cooler reservoir to a hotter one, expend 
ing mechanical energy in the process, for the primary 
purpose of heating the hotter reservoir. Likewise, as used 
herein, the terms “refrigerator” and “refrigeration system” 
refer to devices or Systems which operate to transfer heat 
from a cooler reservoir to a hotter one, expending mechani 
cal energy in the process, for the primary purpose of cooling 
the cooler reservoir. AS used herein, the term “heat engine' 
refers to devices which operate to convert heat from a hot 
reservoir into mechanical energy. 
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A working medium is provided within the housing 12 of 

the thermodynamic system 10. The working medium is 
preferably a gas or a mixture of gases. Suitable gas or gas 
mixtures include air, hydrogen, and helium. During opera 
tion of the thermodynamic system 10, the working medium 
undergoes a closed thermodynamic cycle in which the 
working medium is Substantially adiabatically compressed 
to increase the temperature of the medium, heated or cooled 
at constant volume (isochoricly), Substantially adiabatically 
expanded to decrease the temperature of the medium, and 
cooled or heated at constant volume (isochoricly), to return 
the working medium to its initial pressure and temperature. 
The first cylinder includes four openings, first opening 22, 

Second opening 24, third opening 26, and fourth opening 28. 
Likewise, the Second cylinder 16 includes four openings, 
first opening 30, Second opening 32, third opening 34, and 
fourth opening 36. Two fluid conduits provide fluid com 
munication between the first cylinder 14 and the second 
cylinder 16. The first connecting conduit 38 connects the 
Second opening 24 of the first cylinder 14 to the first opening 
30 of the second cylinder 16. A second connecting conduit 
40 connects the third opening 34 of the second cylinder 16 
to the fourth opening 28 of the first cylinder 14. Accordingly, 
the first and second connecting conduits 38, 40 allow the 
working medium to be displaced between the first cylinder 
14 and the second cylinder 16. 
A first heat eXchanging conduit 42 connects the first 

opening 22 and the Second opening 26 of the first cylinder 
14. Likewise, a Second heat eXchanging conduit 44 connects 
the Second opening 32 and the fourth opening 36 of the 
second cylinder 16. The first and second fluid conduits 42, 
44 facilitate constant volume heat transfer to and from the 
working medium. 
A first heat exchanger 46 is provided about the first heat 

eXchanging conduit 42 proximate first opening 22 of the first 
cylinder 14. A Suitable heat transfer medium, Such as water 
or air, circulates through the first heat eXchanger 46 and a 
cold reservoir through input 48 and output 50. The first heat 
eXchanger 46 provides for heat transfer, through the heat 
transfer medium, between the cold reservoir and the working 
medium, as the working medium is displaced at constant 
Volume through the first heat eXchanging conduit 42. 
A Second heat eXchanger 52 is provided about the Second 

heat eXchanging conduit 44 proximate the fourth opening 36 
of the Second cylinder 16. A heat transfer medium, Such as 
water or air, circulates between a hot reservoir and the 
second heat exchanger 52 through input 54 and output 56. 
The second heat exchanger 52 provides for heat transfer 
between the working medium displaced at constant Volume 
through the Second heat eXchanging conduit 44 and the hot 
reservoir by means of the heat transfer medium circulating 
through the heat eXchanger. 
A recuperative heat eXchanger System including a first 

heat eXchanger Section 60a and a Second heat eXchanger 
section 60b can be provided to transfer heat between the 
working medium in the Second heat eXchanging conduit 44 
and the working medium in the first heat eXchanging conduit 
42. The first heat eXchanger Section 60a is arranged about 
the Second heat eXchanging conduit 44 proximate the Second 
opening 32 of the Second cylinder 16, and includes input 64 
and output 62. The second heat exchanger section 60b is 
arranged about the first heat eXchanging conduit 42 proxi 
mate the third opening 26 of the first cylinder 14 and 
includes input 66 and output 68. 
AS the working medium passes through Second heat 

eXchanging conduit 44 at constant Volume, heat is trans 
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ferred between the working medium and heat transfer 
medium within the first heat exchanger section 60a. 
Likewise, heat is transferred between the working medium 
conveyed at constant Volume through first heat eXchanging 
conduit 42 and the heat transfer medium within second heat 
exchanger section 60b. The heat transfer medium circulates 
between first heat eXchanger Section 60a and Second heat 
eXchanger Section 60b, as the output 62 of heat eXchanger 
Section 60a connects to the input 66 of heat eXchanger 
section 60b and the output 68 of heat exchanger section 60b 
connects to the input 64 of heat eXchanger Section 60a. Thus, 
the first heat eXchanger Section 60a and the Second heat 
exchanger section 60b operate to allow heat to be efficiently 
transferred between the working medium within the first 
heat eXchanging conduit 42 and the working medium within 
the Second heat eXchanging conduit 44. In this manner, heat 
generated during the cyclical operation of the thermody 
namic System 10 can be recycled throughout the System to 
further increase the overall efficiency of the system 10. A 
pump (not shown) can be included in the recuperative heat 
eXchanger System to circulate the heat transfer medium 
through the heat exchanger sections 60a and 60b. 

Continuing to refer to FIG. 1 and FIG. 2, valves are 
provided at each of the openings to the first cylinder 14 and 
the second cylinder 16. As illustrated in FIG. 1, valves 70 are 
provided at the first opening 22 and the third opening 26 to 
control the displacement of the working medium between 
chamber A and chamber B of the first cylinder 14 through 
the first heat exchanger conduit 42. Likewise, valves 70 are 
also provided at openings 32 and 36 of the Second cylinder 
16 to control the displacement of the working medium 
between chamber C and chamber D of the second cylinder 
16 through the Second heat exchanger conduit 44. As illus 
trated in FIG. 2, valves 72 are provided at second opening 
24 and fourth opening 28 of the first cylinder 14 and first 
opening 30 and third opening 34 of the second cylinder 16 
to control fluid flow between the first cylinder 14 and the 
second cylinder 16 through first fluid conduit 38 and second 
fluid conduit 40, respectively. Valves 70 and 72 can be any 
conventional valve suitable for controlling fluid flow. The 
operation of the valves 70 and 72 can be controlled through 
conventional techniques known in the art, Such as through 
mechanical linkages or through electronic or magnetic 
actuators. While two valves are shown for each conduit, one 
skilled in the art will recognize that the a single valve in each 
conduit is sufficient for controlling fluid flow through the 
conduits. 

Rods 74 and 76 are provided within cylinders 14 and 16 
to guide the travel of piston 18 and 20, respectively, within 
the cylinders. The guide rods 74 and 76 are connected to a 
common crankshaft (not shown) by Suitable connecting 
linkages. The crankshaft can be in turn optionally connected 
to a flywheel (not shown) which can be mechanically 
coupled to an engine or other Suitable mechanical energy 
device. Rods 74 and 76 are coupled to the crankshaft in a 
manner that permits first piston 18 to reciprocate out-of 
phase with Second piston 20 as the crankshaft is rotated. 
Preferably, the first piston 18 is approximately 180 out of 
phase with the second piston 20. 

The operation of the thermodynamic system 10 as a heat 
engine or prime mover will be described with reference to 
FIGS. 1, 2 and 3. FIG. 3 is a pressure volume diagram 
illustrating the thermodynamic cycle of operation of the 
thermodynamic System 10 as a prime mover or heat engine 
under theoretically ideal conditions. With reference to FIG. 
3, the thermodynamic cycle includes the steps of (a) Sub 
Stantially adiabatic compression (point 1 to point 2); (b) 
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constant volume heat transfer (point 2 to point 3) in which 
a quantity of heat Q. from the hot reservoir is absorbed by 
the working medium; (c) Substantially adiabatic expansion 
(point 3 to point 4); and (d) constant volume heat transfer in 
which a quantity of heat Q, leaves the working medium 
(point 4 to point 1). When operating as a heat engine, the 
thermodynamic system 10 converts the heat Q, from the hot 
reservoir to mechanical energy, i.e., reciprocating motion of 
the piston 18 and 20 and the resultant rotation of the 
crankshaft. 

During the Step of adiabatic compression, Valves 72 are 
opened and valves 70 are closed to allow the working 
medium to be displaced from the first cylinder 14 into the 
second cylinder 16, as illustrated in FIG.1. The first piston 
18 moves from the bottom-dead-center (BDC) position to 
the top-dead-center (TDC) position while the second piston 
20 moves from the TDC position to the BDC position. In this 
manner, the Volume of chamber A is decreased and the 
volume of chamber C is concurrently increased. The work 
ing medium is displaced through first connecting conduit 38 
from chamber A to smaller volume chamber C to compress 
the working fluid. This compression occurs Substantially 
adiabatically, i.e., without significant heat loSS. During the 
compression phase, the temperature of the working medium 
is accordingly increased. 
The Step of Substantially adiabatic expansion occurs 

Simultaneously with the Step of Substantially adiabatic com 
pression. Movement of the second piston 20 from the TDC 
position to the BDC position decreases the volume of 
chamber D. Likewise, movement of the first piston 18 from 
the BDC position to the TDC position increases the volume 
of chamber B. The working medium is displaced by the 
pistons from chamber D into the larger volume of chamber 
B, Substantially adiabatically expanding the working 
medium. During the expansion phase, the temperature of the 
working medium is accordingly decreased. 

During the Steps of constant Volume heat transfer, the 
valves 70 are opened and the valves 72 are closed, as 
illustrated in FIG. 2. First piston 18 moves from the TDC 
position to the BDC position, displacing the expanded 
working fluid within chamber B through the first heat 
eXchanging conduit 42 into chamber A at constant Volume. 
Second piston 20 moves from the BDC position to the TDC 
position, displacing the working medium from chamber C 
through Second heat eXchanging conduit 44 into chamber D 
at constant Volume. The Steps of constant Volume heat 
transfer preferably occur concurrently. 
AS the working medium is displaced through Second heat 

eXchanger Section 60b within the first heat eXchanging 
conduit 42, heat is transferred isochoricly from the working 
medium to the heat transfer medium of the recuperative heat 
eXchanger. This results in cooling of the working medium 
and a corresponding decrease in the pressure of the medium. 
An additional quantity of heat Q is transferred isochoricly 
from the working medium at first heat eXchanger 46 to 
further cool the working medium prior to entry to chamber 
A. 

AS the working medium passes through first heat 
eXchanger Section 60a within Second heat eXchanging con 
duit 44, heat is transferred isochoricly from the heat transfer 
medium to the working medium. This results in heating of 
the working medium and a corresponding increase of the 
preSSure of the medium. An additional quantity of heat Q, 
from an external high temperature Source is transferred 
isochoricly to the working medium at heat eXchanger 52 to 
further heat and increase the pressure of the medium. 



5,924,305 

The power stroke of the thermodynamic system 10 during 
the heat engine cycle occurs when the compressed, hot 
working medium expands from chamber D to chamber B, 
forcing first piston 18 from the BDC position to the TDC 
position. 
A significant advantage of the thermodynamic System 10 

of the present invention is that the System allows construc 
tion of embodiments that can be operated in a refrigeration 
or heat pump cycle in which network is done on the System 
10 or, alternatively, operated as a prime mover to convert 
heat energy to positive work. In a heat pump or refrigeration 
device, heat Q is accepted at a lower temperature from the 
cold reservoir and heat Q is rejected at a higher temperature 
to the hot reservoir. When the system 10 is used as a 
refrigeration or cooling device, the useful heat is the heat Q, 
accepted at the low temperature. Conversely, When the 
System 10 is used a heating device the useful heat is the heat 
Q that is rejected at the higher temperature. 
The operation of the thermodynamic system 10 as a heat 

pump/refrigeration System will be described with reference 
to FIGS. 1, 2 and 4. FIG. 4 is a pressure volume diagram 
illustrating the thermodynamic cycle of operation of the 
thermodynamic System 10 as a heat pump or refrigeration 
system under theoretically ideal conditions. With reference 
to FIG. 4, the thermodynamic cycle includes the steps of (a) 
Substantially adiabatic compression (point 1 to point 2); (b) 
constant Volume heat transfer (point 2 to point 3) in which 
a quantity of heat Q is removed from the working medium; 
(c) Substantially adiabatic expansion (point 3 to point4); and 
(d) constant volume heat transfer in which a quantity of heat 
Q is absorbed by the working medium (point 4 to point 1). 
When operating as a heat pump or refrigerator System, net 
work is input to the system the system 10 (by rotation of the 
crankshaft) and a quantity of heat Q is absorbed from the 
cold reservoir and a quantity of heat Q is rejected to the hot 
reservoir. 
When the thermodynamic system of the present invention 

is operated as heat pump or refrigeration cycle, it is prefer 
able that the position of the first heat exchanger 46 and the 
Second heat eXchanger Section 60b be reversed to maximize 
the efficiency of the system 10. Specifically, the first heat 
eXchanger 46 can be positioned proximate the third opening 
26 and the Second heat eXchanging Section 60b can be 
positioned proximate the first opening 22 of the first cylinder 
14. Likewise, it is preferable that the position of the second 
heat eXchanger 52 and the first heat eXchanger Section 60a 
also be reversed, i.e., the Second heat eXchanger 52 posi 
tioned proximate the Second opening 32 and the first heat 
eXchanger Section 60 a positioned proximate the fourth 
opening 36 of the second cylinder 16. 

The manner of operation of the thermodynamic system 10 
as a heat pump or refrigeration System is analogous to the 
operation of the heat engine. Mechanical energy, i.e., the 
rotation of the crankshaft, causes the first piston 18 to 
Substantially adiabatically compress the working medium 
from chamber A to Smaller volume chamber C. This results 
in raising the temperature of the working medium. 
Concurrently, displacement of the working medium from 
chamber D to larger volume chamber B by piston 20 results 
in the expansion of the working medium and a correspond 
ing lowering of the medium's temperature. 

During the constant Volume heat transfer Steps, a quantity 
of heat Q heat is transferred isochoricly from the working 
medium at the Second heat eXchanger 52 resulting in the 
heating of the hot reservoir. An additional quantity of heat is 
removed isochoricly from the working medium at first 
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10 
recuperative heat eXchanger Section 60a. Concurrently, a 
quantity of heat Q is transferred isochoricly to the working 
medium at first heat eXchanger 46 resulting in the cooling of 
the cold reservoir. Additional heat is transferred isochoricly 
to the working medium at Second recuperative heat 
exchanger section 60b. 
The thermodynamic system 10 of the present invention 

can also include an auxiliary preSSurizing System 90 coupled 
to the first and Second heat eXchanging conduits 42 and 44. 
The auxiliary pressurizing System can include two preSSure 
regulating units 90a and 90b, such as a conventional pump 
or compressor. The preSSure regulating unit 90a operates to 
preSSurize the first heat eXchanging conduit 42 to an oper 
ating working medium density Substantially equal to the 
density of the working medium after the Step of Substantially 
adiabatic expansion. Likewise, the preSSure regulating unit 
90b operates to pressurize the Second heat eXchanging 
conduit 44 to an operating density Substantially equal to the 
density of the working medium after the Step of Substantially 
adiabatic compression. 
One skilled in the art will recognize that the rate of output, 

whether positive work by an engine or heat transfer by a heat 
pump or refrigeration device, can be readily controlled by 
increasing or decreasing the mass of the working medium in 
the System. For this purpose, either pressure regulating unit 
90a or 90b can be coupled to a reservoir of working medium 
from which the working medium can be added to the System 
or withdrawn from the System during operation. 
The advantage of the auxiliary preSSurizing System 90 is 

that the total mass of the working medium input into the heat 
eXchanging conduits 42 and 44 is Substantially equal to the 
total mass of the working medium output the conduits 42 
and 44. This allows the heat exchangers 46 and 52 to be 
designed independent of the volume/cycle of the working 
medium transferred through the conduits 42 and 44. Thus, 
the volume of the working medium within each of the 
conduits 42 and 44 can be several times the volume/cycle of 
the working medium, without compromising the mass flow 
rate. This allows the ability to increase the time of residence 
of the working medium in each of the conduits 42 and 44, 
as well as the Surface area of the heat eXchangers 46 and 52, 
resulting in highly efficient heat transfer. 
The second embodiment of the thermodynamic system 10 

of the present invention is illustrated in FIGS. 5 and 6. 
Thermodynamic System 10, in accordance with the Second 
embodiment, includes a compression Stage 10 and an expan 
Sion Stage 112. The compression Stage 110 includes a larger 
volume first cylinder 114 and a smaller volume second 
cylinder 116. Likewise, the expansion Stage includes a 
smaller volume first cylinder 118 and a larger volume second 
cylinder 120. A compression piston 122 is positioned for 
reciprocal motion in the first cylinder 114. A first exhaust 
piston 124 is positioned within the second cylinder 116 for 
reciprocating motion therein. An expansion piston 128 is 
positioned for reciprocal motion in the first cylinder 118 of 
the expansion Stage 112 and a Second exhaust piston 126 is 
positioned in the Second cylinder 120 of the expansion Stage 
112. Guide rods 130 are attached to each of the pistons and 
connected to a crankshaft (not shown) by Suitable linking 
elements. The crankshaft, in turn, is connected to a flywheel 
(not shown), which is connected to a motor or other 
mechanical energy device. Preferably, the compression pis 
ton 122 operates approximately 180° out of phase with the 
first exhaust piston 124 and the expansion piston 128 
operates approximately 180° out of phase with the Second 
exhaust piston 126. 
A first connecting conduit 132 connects the first cylinder 

114 and the second cylinder 116 to allow the working 
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medium to pass therebetween. Likewise, a Second connect 
ing conduit 134 connects the first cylinder 118 and the 
Second cylinder 120 of the expansion Stage. AS illustrated in 
FIG. 6, each of the connecting conduits 132, 134 includes 
suitable valves 136 for controlling fluid flow therethrough. 

During the Step of Substantial adiabatic compression, the 
working medium is displaced through the first connecting 
conduit 132 from the first cylinder 114 to the smaller volume 
Second cylinder 116 of the compression Stage by the com 
pression piston 122. During the Step of Substantially adia 
batic expansion, the working medium is displaced through 
the second connecting conduit 134 from the first cylinder 
118 to the larger volume second cylinder 120 of the expan 
Sion Stage by the expansion piston 128. 
A first heat eXchanger conduit 138 connects the Second 

cylinder 116 of the compression Stage and the first cylinder 
118 of the expansion stage. A first heat exchanger 140 is 
positioned about the first heat exchanger conduit 138 proxi 
mate second cylinder 116. The first heat exchanger 140 
includes a fluid input 144 and a fluid output 142 for 
connection to a hot reservoir. A heat transfer medium is 
circulated through the first heat exchanger 140 and the hot 
reservoir. The first heat exchanger 140 provides for heat 
transfer between the working medium passing through the 
first heat exchanger conduit 138 and the heat transfer 
medium circulating through the first heat eXchanger 140. 
A second heat exchanger conduit 150 connects between 

the second cylinder 120 of the expansion stage 112 and the 
first cylinder 114 of the compression stage 110. A second 
heat eXchanger 152 is positioned about the Second heat 
eXchanger conduit proximate Second cylinder 120 and is 
coupled through input 154 and output 156 to a cold reser 
voir. Aheat transfer medium is circulated through the Second 
heat exchanger 152 and the cold reservoir. The second heat 
exchanger 152 provides for heat transfer between the work 
ing medium within the second heat exchanger conduit 150 
and the heat transfer medium circulating through the Second 
heat exchanger 152. As illustrated in FIG. 5, the first heat 
eXchanger conduit 138 and the Second heat eXchanger 
conduit 150 include Suitable valves 158 for controlling fluid 
flow therethrough. 

The thermodynamic system 10 in accordance with the 
Second embodiment can also include a recuperative heat 
eXchanger System. A first recuperative heat eXchanger Sec 
tion 160a is positioned about the first heat exchanger conduit 
138 proximate the first cylinder 118 of the expansion stage 
112 and a Second recuperative heat eXchanger Section 160b 
is provided about the second heat exchanger conduit 150 
proximate the first cylinder 114 of the compression Stage 
110. A heat transfer medium is circulated between the first 
recuperative heat eXchanger Section 160a and the Second 
recuperative heat exchanger section 160b. The input 164 of 
the first recuperative heat eXchanger Section 160a is con 
nected to the output 166 of the second recuperative heat 
exchanger section 160b and the output 162 of the first 
recuperative heat eXchanger Section 160a is connected to the 
input 168 of the Second recuperative heat eXchanger Section 
160b. The recuperative heat exchange system provides for 
efficient heat transfer between the working medium in the 
first heat eXchanger conduit 138 and the working medium in 
the Second heat eXchanger conduit 150, in a manner analo 
gous to that described above. 

During the Steps of constant Volume heat transfer, the 
working medium is displaced at constant Volume through 
the first heat exchanging conduit 138 from the second 
cylinder 116 of the compression Stage into the first cylinder 
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12 
118 of the expansion stage by the exhaust piston 124 and the 
expansion piston 128. Accordingly, the Volume of the Sec 
ond cylinder 116 of the compression Stage is Substantially 
equal to the volume of the first cylinder 118 of the expansion 
Stage. Likewise, the working medium is displaced at con 
Stant Volume through the Second heat eXchanging conduit 
150 from the second cylinder 120 of the expansion stage and 
into the first cylinder 114 of the compression Stage. 
Accordingly, the volume of the second cylinder 120 of the 
expansion Stage is Substantially equal to the Volume of the 
first cylinder 114 of the compression Stage. 
The thermodynamic System in accordance with the Sec 

ond embodiment of the invention operates according to the 
thermodynamic cycle illustrated in FIGS. 4 and 5 and 
described above. As illustrated in FIGS. 5 and 6, the 
thermodynamic System 10 is best Suited for operation as a 
heat pump or refrigeration System. When operated as a heat 
engine, it is preferable that the position of the first heat 
eXchanger 140 and first recuperative heat eXchanger Section 
160a be reversed. It is also preferable for the position of the 
Second heat eXchanger 152 and the Second recuperative heat 
eXchanger Section 160b be reversed during the heat engine 
mode of operation. In this manner, the efficiency of the 
thermodynamic System can be maximized. 
The thermodynamic System according to the Second 

embodiment of the invention can also include an auxiliary 
pressurizing system 190 coupled to the first and second heat 
exchanging conduits 138 and 150. The auxiliary pressuriz 
ing System can include two pressure regulating units 190a 
and 190b, such as a conventional pump or compressor. The 
preSSure regulating unit 190a operates to pressurize the first 
heat eXchanging conduit 138 to an operating density Sub 
Stantially equal to the pressure of the working medium after 
the Step of Substantially adiabatic compression. Likewise, 
the pressure regulating unit 190b operates to pressurize the 
Second heat eXchanging conduit 150 to an operating density 
Substantially equal to the density of the working medium 
after the Step of Substantially adiabatic expansion. 
One skilled in the art will recognize that the rate of output, 

whether positive work by an engine or heat transfer by a heat 
pump or refrigeration device, can be readily controlled by 
increasing or decreasing the mass of the working medium in 
the System. For this purpose, either pressure regulating unit 
190a or 190b can be coupled to a reservoir of working 
medium from which the working medium can be added to 
the System or withdrawn from the System during operation. 
While the thermodynamic system of the present invention 

has been illustrated and described as a closed-loop System, 
one skilled in the art will recognize that the System can also 
operate as an open System in which the working medium is 
input from and output to an external Source. 

It will thus be seen that the invention efficiently attains the 
objects Set forth above, among those made apparent from the 
preceding description. Since certain changes may be made 
in the above constructions without departing from the Scope 
of the invention, it is intended that all matter contained in the 
above description or shown in the accompanying drawings 
be interpreted as illustrative and not in a limiting Sense. 

It is also to be understood that the following claims are to 
cover all generic and Specific features of the invention 
described herein, and all Statements of the Scope of the 
invention which, as a matter of language, might be the to fall 
therebetween. 

Having described the invention, what is claimed as new 
and desired to be secured by Letters Patent is: 

1. A thermodynamic System having a working medium, 
the System comprising 
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a compression Stage for Substantially adiabatically com 
pressing the medium to raise the temperature of the 
medium, 

an expansion Stage for Substantially adiabatically expand 
ing the medium to decrease the temperature of the 
medium, 

first heat eXchange means coupling the compression Stage 
and the expansion Stage to allow the expanded medium 
to pass therebetween, the first heat eXchange means 
being configured to transfer heat Substantially isoch 
oricly between the cold reservoir and the expanded 
medium, and 

Second heat eXchange means coupling the compression 
Stage and the expansion Stage to allow the compressed 
medium to pass there between, the Second heat 
eXchange means being configured to transfer heat Sub 
Stantially isochoricly between the compressed medium 
and the hot reservoir. 

2. The thermodynamic System according to claim 1, 
wherein the thermodynamic System is structured to form a 
refrigerator for transferring heat from a cold reservoir to a 
hot reservoir to cool the cold reservoir. 

3. The thermodynamic System according to claim 2, 
wherein 

the first heat eXchange means is Structured to transfer heat 
Substantially isochoricly from the cold reservoir to the 
expanded medium to cool the cold reservoir, and 

the Second heat eXchange means is structured to transfer 
heat Substantially isochoricly from the compressed 
medium to the hot reservoir to cool the medium. 

4. The thermodynamic System according to claim 1, 
wherein the thermodynamic System is structured to form a 
heat pump for transferring heat from a cold reservoir to a hot 
reservoir to heat the hot reservoir. 

5. The thermodynamic System according to claim 4, 
wherein the first heat eXchange means is structured to 
transfer heat Substantially isochoricly from the cold reser 
voir to the expanded medium to heat the expanded medium 
and 

the Second heat eXchange means is structured to transfer 
heat Substantially isochoricly from the compressed 
medium to the hot reservoir to heat the hot reservoir. 

6. The thermodynamic System according to claim 1, 
wherein the thermodynamic System is structured to form a 
heat engine for converting heat from a hot reservoir to 
mechanical energy. 

7. The thermodynamic System according to claim 6, 
wherein the first heat eXchange means is structured to 
transfer heat Substantially isochoricly from the expanded 
medium to a cold reservoir to cool the expanded medium, 
and 

the Second heat eXchange means is structured to transfer 
heat substantially isochoricly from the hot reservoir to 
the compressed medium to further heat the compressed 
medium, 

whereby expansion of the compressed medium produces 
mechanical energy. 

8. The thermodynamic System according to claim 1, 
wherein the compression Stage comprises 

a first cylinder having a first volume, 
a Second cylinder having a Second Volume leSS than the 

first volume, and 
displacement means for displacing the medium from the 

first cylinder to the Second cylinder to compress the 
medium Substantially adiabatically. 
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9. The thermodynamic System according to claim 1, 

wherein the expansion Stage comprises 
a first cylinder having a first volume, 
a Second cylinder having a Second Volume greater than the 

first volume, and 
displacement means for displacing the medium from the 

first cylinder to the Second cylinder to expand the 
medium Substantially adiabatically. 

10. The thermodynamic System according to claim 1, 
further comprising an auxiliary pressurizing means con 
nected to the Second heat eXchange means, the auxiliary 
preSSurizing means pressurizing the Second heat eXchange 
means to a preferred operating working medium density 
prior to passage of the compressed medium through the 
Second heat eXchange means. 

11. The thermodynamic system according to claim 10, 
wherein the preferred operating density is Substantially 
equal to the density of the compressed medium entering the 
Second heat eXchange means from the compression Stage. 

12. The thermodynamic System according to claim 1, 
further comprising an auxiliary pressurizing means con 
nected to the first heat eXchange means, the auxiliary pres 
Surizing means pressurizing the first heat eXchange means to 
a preferred operating working medium density prior to 
passage of the expanded medium through the first heat 
eXchange means. 

13. The thermodynamic System according to claim 12, 
wherein the preferred operating density is Substantially 
equal to the density of the compressed medium entering the 
first heat eXchange means from the expansion Stage. 

14. The thermodynamic System according to claim 1, 
further comprising a recuperative heat eXchange means for 
transferring heat between the expanded medium within the 
first heat eXchange means and the compressed medium 
within the Second heat eXchange means. 

15. The thermodynamic System according to claim 14, 
wherein the recuperative heat eXchange means comprises 

a first recuperative heat eXchanging conduit connecting 
Said first heat eXchange means and Said Second heat 
eXchange means to transfer heat Substantially isoch 
oricly between Said expanded medium and Said com 
pressed medium, and 

a Second recuperative heat eXchanging conduit connect 
ing Said first heat eXchange means and Said Second heat 
eXchange means to transfer heat Substantially isoch 
oricly between Said expanded medium and Said com 
pressed medium. 

16. A thermodynamic System having a working medium, 
the System comprising 

a first chamber defining a first volume, 
a Second chamber defining a Second Volume less than the 

first volume, 
a first piston operatively positioned with the first chamber 

for displacing the medium from the first volume to the 
Second Volume to compress the medium Substantially 
adiabatically, 

a Second piston operatively positioned within the Second 
chamber for displacing the medium from the Second 
volume to the first volume to expand the medium 
Substantially adiabatically, 

a first heat eXchanger coupled to the Second chamber for 
Substantially isochoricly transferring heat between a 
hot reservoir and the medium after compression by the 
first piston, and 

a Second heat eXchanger coupled to the first chamber for 
Substantially isochoricly transferring heat between a 
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cold reservoir and Said medium after expansion by the 
Second piston. 

17. The thermodynamic system according to claim 16, 
wherein the thermodynamic System is structured to form a 
refrigerator for transferring heat from the cold reservoir to 
the hot reservoir to cool the cold reservoir. 

18. The thermodynamic system according to claim 17, 
wherein 

the first heat eXchanger is structured to transfer heat 
Substantially isochoricly from the cold reservoir to the 
expanded medium to cool the cold reservoir, and 

the Second heat eXchange means is structured to transfer 
heat Substantially isochoricly from the compressed 
medium to the hot reservoir to cool the medium. 

19. The thermodynamic system according to claim 16, 
wherein the thermodynamic System is structured to form a 
heat pump for transferring heat from the cold reservoir to the 
hot reservoir to heat the hot reservoir. 

20. The thermodynamic system according to claim 19, 
wherein the first heat eXchanger is structured to transfer heat 
substantially isochoricly from the cold reservoir to the 
expanded medium to heat the expanded medium and 

the Second heat eXchanger is structured to transfer heat 
Substantially isochoricly from the compressed medium 
to the hot reservoir to heat the hot reservoir. 

21. The thermodynamic System according to claim 16, 
wherein the thermodynamic System is structured to form a 
heat engine for converting heat from the hot reservoir to 
mechanical energy. 

22. The thermodynamic System according to claim 21, 
wherein the first heat eXchanger is structured to transfer heat 
Substantially isochoricly from the expanded medium to a 
cold reservoir to further cool the expanded medium, and 

the Second heat eXchanger is structured to transfer heat 
Substantially isochoricly from the hot reservoir to the 
compressed medium to further heat the compressed 
medium, 

whereby expansion of Said compressed medium produces 
mechanical energy. 

23. The thermodynamic System according to claim 16, 
further comprising an auxiliary pressurizing means con 
nected to the Second heat eXchanger, the auxiliary preSSur 
izing means pressurizing the Second heat eXchanger to a 
preferred working medium operating density prior to pas 
Sage of the compressed medium through the Second heat 
eXchanger. 

24. The thermodynamic System according to claim 23, 
wherein the preferred working medium operating density is 
Substantially equal to the density of the compressed medium 
entering the Second heat eXchanger. 

25. The thermodynamic System according to claim 16, 
further comprising an auxiliary pressurizing means con 
nected to the first heat eXchanger, the auxiliary preSSurizing 
means pressurizing the first heat eXchanger to a preferred 
working medium operating density prior to passage of the 
expanded medium through the first heat eXchanger. 

26. The thermodynamic System according to claim 25, 
wherein the preferred working medium operating density is 
Substantially equal to the density of the compressed medium 
entering the first heat eXchange means from the expansion 
Stage. 

27. The thermodynamic System according to claim 16, 
further comprising a recuperative heat eXchanger for trans 
ferring heat between the expanded medium within the first 
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heat eXchanger and the compressed medium within the 
Second heat eXchanger. 

28. A refrigeration method for transferring heat from a 
cold reservoir to a hot reservoir to cool the cold reservoir, the 

5 method comprising the Steps of 
Substantially adiabatically compressing a medium to raise 

the temperature of the medium, 
Substantially isochoricly transferring heat from the com 

1O pressed medium to a hot reservoir, 
Substantially adiabatically expanding the medium to 

decrease the temperature of the medium, and 
Substantially isochoricly transferring heat from the cold 

reservoir to the expanded medium to cool the cold 
reservoir. 

29. The refrigeration method of claim 28, wherein the step 
of compressing the medium and the Step of expanding the 
medium occur concurrently. 

30. The thermodynamic system according to claim 28, 
20 wherein the recuperative heat exchange means comprises 
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a first recuperative heat eXchanging conduit connecting 
Said first heat eXchanger and Said Second heat 
eXchanger to transfer heat Substantially isochoricly 
between Said expanded medium and Said compressed 

25 medium, and 
a Second recuperative heat eXchanging conduit connect 

ing Said first heat eXchanger and Said Second heat 
eXchanger to transfer heat Substantially isochoricly 
between Said expanded medium and Said compressed 
medium. 

31. A method of transferring heat from a cold reservoir to 
a hot reservoir to heat the hot reservoir, the method com 
prising the Steps of 

Substantially adiabatically expanding a medium to 
decrease the temperature of the medium, 35 

Substantially isochoricly transferring heat from the cold 
reservoir to the expanded medium, 

Substantially adiabatically compressing the medium to 
40 raise the temperature of the medium, and 

Substantially isochoricly transferring heat from the com 
pressed medium to a hot reservoir to heat the hot 
reservoir. 

32. The method of claim 31, wherein the step of com 
pressing the medium and the Step of expanding the medium 
occur concurrently. 

33. A method of converting heat from a hot reservoir to 
mechanical energy, the method comprising the Steps of 

45 

Substantially adiabatically expanding a medium to 
50 decrease the temperature of the medium, 

Substantially isochoricly transferring heat from the 
expanded medium to the cold reservoir, 

Substantially adiabatically compressing the medium to 
55 raise the temperature of the medium, and 

Substantially isochoricly transferring heat from the hot 
reservoir to the compressed medium to further heat the 
medium, 

whereby expansion of Said compressed medium produces 
mechanical energy. 

34. The method of claim 33, wherein the step of com 
pressing the medium and the Step of expanding the medium 
occur concurrently. 
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